The present study broadened the research on the effect of the intensive physical disintegration of clay minerals (kaolinite and "Otay" montmorillonite) and mica (ripidolite), carried out by high-energy ball milling (HEBM), on their surface physicochemical characteristics, i.e., the specific surface area (SSA), the cation exchange capacity (CEC), and the electrokinetic properties. The mechanical disintegration of clay minerals occurred in two consecutive processes. Significant changes of the size, morphology and structure were followed by the change of the physico-chemical properties. The decrease of the particle size of the clay minerals resulted in significant increases in the SSA and CEC values, and in the exposure of new, amphoteric surfaces, significantly changing the electrophoretic mobility (EPM).
Introduction
Many applications of clay minerals depend on their particle size and surface properties (Addai-Mensah and Ralston, 2005; Derkowski et al., 2006; Marwa et al., 2009 ). Small-sized clay mineral particles exhibit the physico-chemical characteristics of colloidal particles and are suitable for numerous catalytic, ceramic, and engineering applications, owing their applicability to a large specific surface area and surface reactivity. Biogeochemical processes in soils and aquatic sediments are mainly governed by physico-chemical reactions at the surface of their colloidal constituents, particularly clay minerals (Sondi et al., 1994 (Sondi et al., , 2008 . These processes are governed by their electrokinetic properties, large specific surface area and high cation exchange capacity (Sondi and Pravdić, 1998; Churchman at al., 2006) .
The surface and bulk properties of minerals can be modified by physical weathering, reducing the particle size. Weathering occurs continuously in nature and changes size, morphology, and bulk properties of the mineral components, and form new mineral phases (Brown at al., 1978; Dubroeucq et al., 1998; Ndayiragije and Delvaux, 2003) . Weathering in nature involves long time-scale processes in geographically extended areas, which prevents the monitoring of these processes in situ. The practical way to avoid these impasses is experimental laboratory work, where the effect of size reduction on changes of the surface and bulk properties can be monitored over short time periods.
Lately, formation and characterization of micron and submicron-size clay minerals, obtained by the ultrasound treatment of mica-group minerals such as vermiculite (Perez-Maqueda et al., 2001 ) and muscovite and biotite (Perez-Maqueda et al., 2003) have been studied. The literature also abounds with studies of the influence of mechanical processes on the structural and physico-chemical properties of a variety of clay minerals (Suray et al., 1997; Baudet et al., 1999; Sanchez-Soto et al., 2000; Frost et al., 2001; Franco et al., 2004; Dellisanti and Valdré, 2005; Hrachová et al., 2007; Vertuccio et al., 2009) . The rapid development of the new, composite claybased materials has advanced the research and processing of fine-milling and reinforcing methods. Recently, high-energy ball milling (HEBM) has been recognized as an efficient method for particle size comminution, structural changes and the optimization of the powder properties (Morrell and Man, 1997; Sondi et al., 1997; Mio et al., 2004; Wei and Craig, 2009 ).
This study aims to investigate the effects of particle size reduction and the resulting structural changes, induced by the HEBM technique, on the electrokinetic and surface properties of different clay minerals. It assesses the degree to which shortterm laboratory experiments are significant for studies of the particle size diminution processes of clay and mica minerals in nature. It is also intended to contribute to the understanding of the mechanism of the formation of amorphous secondary aluminosilicate colloidal solids in natural environments. Finally, this study supports the development of new methods capable of generating novel sub-micron size clay mineral particles with stringent control of their structural, morphological, and colloidal properties that are required for specific needs in material science.
Experimental

Materials
The minerals selected for these investigations were montmorillonite (2:1 type), kaolinite (1:1 type), and chlorite-ripidolite (2:1:1 type). These solids were chosen on account of the differences in their structural properties and because of their common occurrence in natural soils and sediments. Montmorillonite type "Otay" (SBCa-1, California) and chlorite-ripidolite (CCa-1, Flagstaff Hill, CA) were obtained as standard reference minerals from the Clay Minerals Society, Source Clay Minerals Repository, University of Missouri, Columbia, MO. A well-crystallized kaolinite was purchased from the Aldrich Chemical Company.
Methods
The physical disintegration of clay mineral solids was performed by high-energy ball milling (HEBM) using a planetary ball-mill Pulverisette 7 (Fritsch, Germany). An amount of 300 mg of solid was placed in an agate vessel containing 10 tungsten carbide balls (Φ =10 mm) and the vessel was rotated at 3000 r.p.m. for predetermined times (tm). The obtained powders were then analyzed using the following techniques:
The structural changes of the clay mineral solids during the milling process were determined by X-ray powder diffraction (XRD), using a D4 Endeavor, Bruker AXS instrument. The structural changes were examined with a high-resolution transmission electron microscope (HRTEM, Philips, CM-20) and a scanning electron microscope (FE-SEM SUPRA 35VP, Carl Zeiss), equipped with an energy-dispersive spectrometer (EDXS, Inca 400, Oxford Instruments).
The specific surface area (SSA) measurements were made using the single-point nitrogen-adsorption technique, with a Micromeritics FlowSorb II 2300 instrument. The cation exchange capacity (CEC) was determined by using ammonia exchange and an ammonia-specific electrode (Busenberg and Clemency, 1973) .
The electrokinetic mobility (EPM) of the clay mineral particles was measured as a function of pH in a 1x10 -3 mol dm -3 aqueous NaCl solution with a ZetaPals instrument (Brookhaven Instruments, USA). Approximately 20 mg of each sample were dispersed in 100 ml of an inert electrolyte and left for a few hours at a constant temperature of 25 0 C to reach equilibrium. The EPM of the dispersed particles was then measured. The initial dispersion was titrated with an acid or base, and the EPM was measured after each pH change at a constant temperature of 25 o C. Expressing the data in terms of zeta-potentials gives a more comprehensible insight into the results obtained in this study.
The instrument was tested prior to measurements using standard calibrating polysterene latex, supplied by the manufacturer.
Results
The XRD patterns of the kaolinite (Fig. 1A) , ripidolite (Fig. 1B) and Otaymontmorillonite (Fig. 1C) after different times of the HEBM treatment were displayed in Fig. 1 . Rapid structural changes during the milling process, showing a loss of the crystalline phase, occurred in all the investigated solids. This was evidenced by a progressive decrease of the XRD reflection intensities. In addition, the broadening of the XRD reflections (Fig. 1, spectra b) indicated that, along with structural changes, a reduction in particle size occurred. With prolonged milling (256 min.) these clay minerals were transformed into fully amorphous solids.
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The original kaolinite was characterized by plate-like pseudohexagonal particles ( Fig.   2A ). Milling during 16 min. decreased the particle size, and a polydispersed powder of irregularly shaped particles was formed (Fig. 2B) . Prolonged milling caused discernible differences in the size and shape of the particles, i.e., larger particle aggregates composed of smaller nanoparticles were formed (Fig. 2C, D) . The particles were amorphous (Fig. 1A-C, spectra c) . The same observations were made during milling of montmorillonite and ripidolite.
The (00l) planes of the original ripidolite particles with undisturbed lattice fringes (basal repeating unit) of 1.4 nm are shown in Fig. 3A . Milling caused a significant deformation, bending and breaking of the basal 00l planes (Fig. 3B) . With prolonged milling, all the structural features, typical for clay minerals, disappeared (Fig. 3C ).
The initial specific surface areas of kaolinite, chlorite and montmorillonite were 12, 2.4 and 71 m 2 g -1 , and were increased with increasing milling time (Fig. 4) The EPM of all three raw mineral samples was negative across the whole investigated pH range (Fig 6-8) . In the range of pH = 2-8, montmorillonite retained an almost constant negative ζ-potential (ζ = -30 to -35 mV), while the ζ-potential values of kaolinite and chlorite, in the same pH range, were between -20 and -55 mV and between -5 and -30 mV, respectively.
The ζ-potential of the montmorillonite, after 16 minutes of milling, assumed a lessnegative value at a low pH (ζ = -10 mV). Kaolinite and chlorite reached positive values at low pH. The isoelectric point (IEP) of kaolinite was recorded at pH ≈ 3, of chlorite at pH ≈ 6.5.
Prolonged milling (256 minutes) caused an additional change in the electrophoretic behavior of these minerals. The ζ-potential of the montmorillonite approached the IEP in acidic conditions (pH = 2) and a very high negative value of ζ = -55 mV at higher pH. In the case of the kaolinite and chlorite, the ζ-potential was additionally shifted towards more positive values; the IEP of kaolinite was reached at pH = 4.5, and that of chlorite at pH = 7.2.
Discussion
The results obtained in this study showed that the intensive physical disintegration of the clay minerals by high energy ball milling consisted of two processes, i.e., particle size reduction and morphological and structural changes, accompanied by changes of the surface properties.
There are several aspects concerning these two processes that should be addressed. The first process, which applies to all the investigated solids during the early stages of the HEBM treatment, refers to the intensive decrease of the initial particle size, associated with morphological changes and the formation of a polydispersed powder with a markedly irregular particle shape. Similar to our previous work, the fracturing and size reduction of the clay mineral particles during this process occur in two steps: (1) an initial cleavage along the basal planes and the exposure of new basal planes, and (2) a break up of the particles in perpendicular to the basal plane (Sondi et al., 1997) . As a consequence, the SSA and the CEC increase.
On prolonged milling, a substantial structural deformation and alteration occurs, followed by the transformation of the crystalline structure into an amorphous phase; as recently described by Dellisanti and Valdré (2005) for bentonite, and by and Sanchez-Soto et al., (2000) for kaolinite. The latter study has shown that milling produced vigorous structural changes along the c axis, resulting in disorder and degradation of the crystal structure of the kaolinite and the formation of an amorphous solid. This is reflected in the XRD line broadening, increases in the main lattice strains, and a reduction of the reflection intensities. The same was found for the clay mineral particles investigated in this study.
A further, somewhat unique, observation was that the finally obtained amorphous solids showed the same morphological, SSA and CEC properties, despite the fact that they were formed from initially different clay minerals in terms of their structure, surface and chemical properties. This implies that the intensive mechanical treatment of different clay minerals causes the formation of amorphous aluminosilicates with similar structural, morphological and SSA, and CEC properties.
The structural changes of the clay minerals obtained during the HEBM process were also reflected in their electrokinetic properties. As expected, all the original clay minerals did not have IEPs in the pH range 2 to 9. However, kaolinite and ripidolite showed a distinct decrease in the values of the negative potentials with increasing pH. This is in agreement with our previous studies, showing that the electrokinetic properties of raw and purified clay minerals vary depending on their structural properties, mostly on the presence and the proportion of pH-dependent amphoteric edge surfaces. In the case of montmorillonite, that ratio was much more in favour of the less-reactive siloxane basal surface, reaching approximately 99% of the total external surface area (Greene-Kelly, 1964 ) and characterized by the constant pHindependent charge (Miller and Low, 1990, Thomas et al., 1999) . The data for raw kaolinite and chlorite demonstrated the much stronger pH-dependence of the ζ-potential, indicating a higher proportion of amphoteric surface sites (edges) compared to that of montmorillonite (Zhou and Gunter, 1992 , Tombácz and Szekeres, 2004 .
The electrophoretic mobility of all three minerals assumed less negative values after milling. The most pronounced changes were detected in the case of kaolinite and chlorite. At low pH even positive values were reached confirming the previous observation of the critical role of disintegration on the creation of new "edges", their increasing contribution to the total surface area and the change of the electrokinetic properties (Sondi et al., 1997) . What was previously not appreciated is the fact that, in comparison with the SSA and CEC values, the obtained amorphous solids of different types of clay minerals did not show similar electrokinetic characteristics. The obvious question is: how did these differences occur?
It seems that the changes in the surface characteristics (SSA and CEC) of the clay minerals during physical weathering are governed exclusively by their size diminution and the morphological and structural changes. The kinetics of these processes should be the same for all three types of solids, and would consequently, for their finally obtained amorphous solids, result in the same SSA and CEC values. In contrast, the electrophoretic mobility of these samples showed different aspects, elucidating the significance of the chemical composition of the source materials.
Milling led to new types of surface structures indicated by the electrokinetic properties. Thus, this study supports the concept of the mechanochemical formation of new aluminosilicate materials with a surface structure very different from that of the untreated, or, slightly structurally changed materials . The electrokinetic properties of the obtained solids are determined by the dynamic exchange due to adsorption, ion-pair formation, surface complexation, precipitation, and dissolution processes (Tombácz, 2002) .
The present work approximates the processes of the physical weathering of clay mineral particles in natural environments and clarifies some of the complex phenomena in the surface-charge formation of the structurally and chemically different minerals obtained by physical disintegration. The size diminution caused by the fragmentation of clay mineral constituents opens new surfaces for the reactions with the surrounding medium/solution and renders the mineral particles more reactive in biogeochemical processes. Combined with chemical weathering, these processes may lead to the formation of new, mineral phases, e.g. allophane (Brown et al., 1978) , even smaller in size and amorphous in structure. At the same time, this study assists in the development of new methods capable of generating sub-micron-sized solids with stringent control of their morphological and colloidal properties that are required for specific cases in materials science. 
